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interleukin-1 beta 141 a C57BL/6J genetic background) were obtained from The Jackson Laboratory (Bar Harbor, ME) and were 165 allowed to acclimatize to the animal facility for at least 1 week. Tbxas -/-knock-out (KO) mice and Tbxas +/+ WT 166 littermate controls were generated by crossing Tbxas +/-heterozygous breeding pairs. The genotypes of Tbxas 167 WT, heterozygous, and KO mice were confirmed by PCR (68). Age-and sex-matched mice of both sexes were 168 used in all studies unless otherwise stated. Male and female Tbxas WT and KO mice from 4 to 24 weeks old 169 were used. Laboratory mice consumed standard chow diet (no. 5001, Lab Diet, St. Louis, MO), had free access 170 to water, and were housed in polycarbonate cages on a 12-h light/dark photocycle. Four-week-old C57BL/6J 171 male mice or Tbxas WT and KO mice were fed a high-fat diet (HFD) (60 kcal% derived from fat; D12492; 172
Research Diets, New Brunswick, NJ) or a matched control low-fat diet (LFD) (10 kcal% derived from fat; 173 D12450B; Research Diets) for 12-14 weeks. Body weights of Tbxas WT and KO mice were measured weekly.
174
To assess direct insulin action in vivo, a subset of WT and KO mice from each diet group was injected with 175 saline control or insulin (1 U/kg of body weight) via intraperitoneal (i.p.) route 15 min before euthanization.
176
Epididymal white adipose tissue (eWAT), liver, and skeletal muscle were quickly removed for RNA and 177 protein extraction or for histological study. Tissues were collected, weighed, snap-frozen in liquid nitrogen, and 178 stored at -80°C. Blood samples were collected for serum analysis. The fed, fasted, re-fed experiments in WT 179 C57BL/6J male mice were performed as previously described (39). 180 181
Isolation of primary adipocytes and stromal vascular cells from adipose tissue 182
Twenty-week-old C57BL/6J WT male mice, fed a standard laboratory chow, were used to obtain primary 183 adipocytes and stromal vascular cells (stromal vascular fraction; SVF) from epididymal white adipose tissue as 184 described previously (65 1A,B). In a diet-induced obese (DIO) mouse model, more akin to the common form of human obesity, the 271 expression of Tbxas was upregulated in visceral (epididymal), but not subcutaneous (inguinal), white adipose 272 tissue (Fig. 1C,E ). The expression of thromboxane receptor (Tbxa2r), however, was similarly upregulated in 273 both visceral (epididymal) and subcutaneous (inguinal) white adipose tissue of DIO mice (Fig. 1D,F 1L,M). No effects were seen when cells were treated with IL-1β, IL-6, and TNF-α. Consistent with 288 macrophages, rather than adipocytes, being a major producer of thromboxane A2 in adipose tissue, expression 289 of Tbxas and Tbxa2r was low and unchanged in 3T3-L1 adipocytes upon differentiation (data not shown).
290
Tbxas and Tbxa2r expression in differentiated adipocytes was also unaffected by treatment with IL-1β, IL-6, 291
TNF-α, IFN-γ, or resistin (data not shown).
293
Impact of Tbxas deficiency on body weight, adiposity, and adipose tissue histology of mice fed a low-fat 294 diet 295
A Tbxas-deficient mouse model (68) was used to determine the contribution of Tbxas to local (adipose tissue) 296 and systemic energy balance in normal or pathophysiological contexts of diet-induced obesity. Although 297 thromboxane A2 is the primary physiological agonist for TBXA2r (24), other molecules such as PGH 2 , 298 isoprostanes, and hydroxyeicosatetranenoic acids are also potent agonists for TBXA2r (3, 17); further, 299 epoxyeicosatrienoic acids can act as endogenous antagonists of TBXA2r (5). Based on this consideration, we 300 chose to use Tbxas, rather than Tbxa2r, KO mice to address the contribution of thromboxane A2 to metabolic 301 homeostasis. Four-week-old Tbxas WT and KO mice were fed an HFD or LFD for 20 weeks. We observed no 302 differences in body weight gain over time between WT or KO mice fed an LFD ( Fig. 2A) . Body composition 303 analysis using NMR indicated no differences in fat or lean mass between the two groups of mice (Fig. 2B ). 304
Visceral (epididymal) and subcutaneous (inguinal) white adipose tissue histology was not different between 305
WT and KO animals (Fig. 2C) . Although the gross morphology of adipose tissue looked comparable, we 306 examined the expression of fibrotic (Col1, Col3, Col6), adipose macrophage (F4/80 and Cd11c), and pro-307 inflammatory macrophage M1 (Nos2) marker gene expression in both the visceral and subcutaneous fat depot 308
of Tbxas WT and KO mice ( Fig. 2D-I ) and did not observe significant differences between the two groups. 309 310
Tbxas deficiency improves peripheral tissue insulin action in mice fed a low-fat diet 311
We next performed indirect calorimetry analysis on LFD-fed mice. No differences were observed in food 312 intake, rate of oxygen consumption (VO 2 ), energy expenditure, or physical activity levels between WT and KO 313 mice (Fig. 3A-D) . Despite similar body weight and adiposity, KO mice had enhanced insulin sensitivity, as 314 indicated by a much greater rate of glucose disposal in the peripheral tissue (Fig. 3E,F) ; the magnitude of 315 insulin secretion during GTT was not significantly different between the two groups (data not shown). 316
Improved insulin action in the Tbxas KO mice was further confirmed by insulin tolerance tests (Fig. 3G,H) . 317
Next, we injected insulin into a separate cohort of LFD-fed WT and KO animals to directly assess the 318 activation of insulin signaling in three major metabolic tissues. Before insulin administration, we observed an 319 ~2-fold increase in basal AKT phosphorylation (a metric of insulin signaling) in the adipose tissue but not liver 320 or skeletal muscle of KO mice relative to WT controls (data not shown). At 15 min after insulin administration, 321
we observed a robust insulin-stimulated AKT phosphorylation in all three tissues in both Tbxas WT and KO 322 mice. While the levels of AKT phosphorylation were higher in the KO mice (after normalization to total AKT), 323 the difference fell short of being statistically significant and this may be attributed to a small sample size (n=3) 324 and the length of insulin stimulation (15 min). 325 326
Enhanced insulin sensitivity in LFD-fed KO mice, as judged by glucose and insulin tolerance tests, appeared to 327 be independent of serum TG, adiponectin, leptin, and IL-6 levels ( Fig. 4A-E) . Only serum NEFA levels were 328 modestly higher in KO mice compared to WT controls (Fig. 5B) . Examination of hepatic gluconeogenic gene 329 (G6Pc and Pck1) expression revealed no differences between WT and KO mice (Fig. 4F) We next subjected Tbxas WT and KO mice to metabolic stress induced by high-fat feeding. When Tbxas KO 340 mice were challenged with an HFD for a period of 16 weeks, we observed no differences in body weight or fat 341 and lean mass between WT and KO mice (Fig. 5A,B) . As expected from TBXAS-deficient mice, serum 342 thromboxane B2 (TXB2), a stable metabolite of thromboxane A2, was largely, if not completely, abolished 343 when compared to WT controls (Fig. 5C ). The lowest assay detection limit for TXB2 in mouse serum is 2.4 344 pg/mL; we therefore could not distinguish the apparent residual TBX2 seen in the Tbxas KO mouse sera (~2.8 345 pg/mL) from background signals. As with the LFD-fed groups, we also performed indirect calorimetry analysis 346 on the HFD-fed animals. Tbxas KO mice fed an HFD also had similar food intake, metabolic rate (VO 2 ), 347 energy expenditure, and physical activity levels when compared to WT controls ( Fig. 5D-G (Fig. 6A,B) . KO animals had better preservation of adipose tissue architecture, with reduced numbers of 356 stromal vascular cells interspersed among adipocytes (Fig. 6A) (Fig. 6B) . Trichrome staining specifically highlights the presence of fibrillar 360 collagens I and III, yielding a blue stain. Whereas trichrome staining of HFD-fed WT mice contained 361 pronounced trichrome-positive "streaks" interspersed among the adipocytes, adipose tissue from KO mice 362 revealed only thin collagen sheets surrounding each adipocyte. In support of the histology data, expression of 363 adipose fibrosis-promoting collagen genes Col1 and Col3 was significantly reduced in eWAT (Fig. 6C,D) , 364
whereas the adipose expression of Col6 (Fig. 6E) and Hif1-α (not shown) did not differ between the two groups 365 of mice. 366 367
Diet-induced obesity is known to result in macrophage infiltration into adipose compartment (64, 67). We 368 therefore determined whether there is any difference in adipose macrophages between Tbxas WT and KO 369 animals. Expression of macrophage-specific markers F4/80 and Cd11c was not significantly different in the 370 adipose tissue of WT and KO mice (Fig. 6F,G) . The expression of Nos2, a marker of the proinflammatory M1 371 macrophage subtype, was also not different between WT and KO mice (Fig. 6H) ; nor were there differences in 372 the adipose expression of Tnf-α (data not shown). Thus, loss of Tbxas in mice had no apparent effect on the 373 inflammatory state of adipose tissue in mice fed an HFD. In HFD-fed mice, we also examined the expression of 374 Ctrp1, Ctrp3, Ctrp9, and Ctrp12 in epididymal white adipose tissue and did not observe any differences 375 between WT and KO mice (data not shown). 376 377
To examine the effects of Tbxas deficiency on glucose metabolism, we measured fasting (5 h fast) blood 378 glucose concentrations every other week in Tbxas WT and KO mice. No differences were seen between the two 379 groups over a 14-week period (data not shown). In contrast to KO mice fed an LFD, we observed no 380 differences in glucose and insulin tolerance tests (GTT) between Tbxas WT and KO mice fed an HFD (Fig.  381 7A-D), nor any differences in serum TG, NEFA, adiponectin, IL-10, MCP-1, or TNF-α (Fig. 7E-G 
, J-L). 382
Interestingly, serum leptin levels were higher and IL-6 levels were lower in the KO group relative to WT 383 controls (Fig. 7H,I ). Thus, enhanced insulin sensitivity seen in the LFD-fed Tbxas KO animals was abrogated 384 when mice were subjected to high-fat feeding. 385 386 387 DISCUSSION 388 389 390
In the present study we sought to uncover the role of thromboxane A2 in a dietary model of obesity.
391
We provide evidence that thromboxane A2, generated by TBXAS, contributes to whole-body insulin sensitivity 392 and obesity-linked adipose tissue fibrosis. Cox-2 KO mice, reduced body weight and fat mass is attributed, in part, to reduced adipogenesis resulting from 441 decreased production of 15-deoxy-Δ(12,14)-PGJ 2 , an activating ligand for PPAR-γ that plays a critical 442 transcriptional role in orchestrating the adipogenic program (14). The levels of other prostaglandins, including 443 PGD 2 , PGE 2 , PGF 2α , and 6-keto-PGF 1α are not different in the adipose tissue explants of Cox-2 WT and KO 444 mice (16). We do not know if thromboxane A2 was affected in Cox-2-deficient mice (16). The striking 445 differences in body weight between Cox-2 WT and KO mice emerged when these animals aged (>8 months); 446 this was attributed, in part, to increased energy metabolism without changes in food intake of Cox-2 KO 447 animals (16). In contrast to the Cox-2 KO animals, Tbxas WT and KO mice fed an LFD or HFD did not differ 448 in food intake, body weight, or adiposity, although the study duration described here was less than 4 months.
449
Despite the striking differences in body weight and adiposity, there appears to be no differences in non-450 fasting blood glucose, triglycerides, and cholesterol levels between Cox-2 WT and KO mice (16). Since 451 glucose and insulin tolerance tests were not performed, we do not know if the Cox-2 KO mice have improved 452 glucose homeostasis. In contrast to the Cox-2 KO mice, loss of TBXAS significantly improved insulin 453 sensitivity in mice fed an LFD compared to WT controls, as judged by both glucose and insulin tolerance tests.
454
Since circulating levels of leptin, adiponectin, or IL-6 were not different between Tbxas WT and KO mice, 455 improvements in insulin action in Tbxas KO mice were independent of these adipokines known to modulate 456 whole-body insulin sensitivity (45) . Hepatic expression of gluconeogenic genes (G6Pc and Pck1) was not 457 different between Tbxas WT and KO mice; hence, improved glucose homeostasis was likely not due to changes 458 in hepatic glucose output. We did, however, observe a higher expression of insulin-responsive glucose 459 transporter Glut4 expression in the adipose tissue of KO mice. Further, we observed a significant increase in 460 the expression of Ctrp3, Ctrp9, and Ctrp12 in the visceral fat depot of LFD-fed KO animals. Given the known 461 positive metabolic function of CTRPs in vivo (37-40, 61, 62), these observed changes may, in part, account for 462 the improved glucose metabolism seen in the LFD-fed KO mice. Interestingly, the beneficial effects of 463 improved insulin sensitivity seen in the LFD-fed Tbxas KO mice were largely masked or negated in the KO 464 animals challenged with an HFD; this effect was independent of fasting serum triglycerides, NEFA, 465 adiponectin, and TNF-α levels, and is likely due to other metabolic processes dysregulated by chronic high-fat 466 feeding.
467
In addition to the adiposity phenotype, chow-fed Cox-2 KO mice also have a striking reduction in the 468 expression of macrophage (Cd68) and inflammatory (Tnf-α) markers in adipose tissue (16 
